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1. IntroductIon

'. ".11 <!1 ,~iQ:~I!

The Laurentian Oreat Lakes are one of North America's ~test water res~~:\:~J:;

recent record high lake levels and to climate change issues, there Is renew~ hI~~;Li'l;
, ' I .~.. 1"

level trends and in factors affecting high water levels. Impacts on Oreat Lakes water.~

components and basin storages of water and heat must be understood ~fore ]akC.,I~~t~I~'
pacts can be assessed. The Great Lakes Environmental Resean:h Laboratory (OLBlU.),4eve.l'

oped conceptual simulation models for Oreat Lakes hydrology to address tht.jmp~~t q~es

tions. OLERL Integrated the models to estimate lake levels, whole-lake heat stora~~h,. £10.",
basin moisture storage, and water and energy balances for forecasts and for assessm~!'t O!

impacts associated with climate change. Because the Great Lakes possess tremendou~~.a,g

and heat storage capacities, they respond slowly to changed meteorologic;, !!lPuts ll.TltI~,
"

. . ) II" '.~IIf) ,firm
"memory" results In a filtering or dampening of most short.term meteorologic ~uctua~o~:.)1 ;_., ..In.~-.tai.1,

and In a response to longer.perlod fluctuations characteristic of climate, ch~ge, 1J!1~,.1.~ ' ,

Great Lakes system, thus, Is Ideal for studying regional effects of clima~e"ch~,n~., \)~%

This paper outlines large lake dynamics and climate, pemnent especl~~~ ~~t1;t,u;

ntian Oreat Lakes. summarizes OLERL's Oreat Lakes hydrology models, ~~.nts .~l\f

recent climate change studies on the Oreat Lakes, and looks ahead to the next generation
.~ i~ I "I J..' t:)":J~I~.JO~

Interactively coupled models useful for assessing climate change. ' ",to . r1W~(
:\(' .:;r.l.-!l_nftb<t"

.'~i

1. Great Lakes Dynamics and Climate

.,. ";,' : 'A.hJlii~;'b"
There is a major tendency to think of Great Lakes water I~vels 1n terms ,of,~~,trRW~M~\h,.

than of normal conditions. Within recent .memory we had th~ ,n:c0l'!i 10"':'~~~A~~~ Rlt~2~

This resulted in docks sitting out of the water, insufficient ~epths f~r nay',g~~?,~J\\im&ri

harbors and channels, and greatly reduced recreati?nal,opportuniti~r Jbe~~?,! ~R~l ~

followed in 1973 by record high lake levels with resu!tant floodlng,~~ ~~?~j ~~m~~~

erosion. The lake levels remained high until 1989, whence they returned to near-.av
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The Laurentian Great Lakes
o Regulation poinl

UIIU;CSOIllC I!!OIT1(600 ft) to sca levcl. Thc most upstream,largest, and deepest lake, is Lake

Superior. The lake has two interbasin diversions of water into the system from the Hudson

Bay Basin: the Long Lac and Ogoki Diversions. Lake Superior waters flow through the lock

and compensating works at Sault S1. Marie and down the St. Marys River into Lake Huron

where it is joined by water flowing from Lake Michigan. Lake Superior is completely regu-

hued, to balance Lakes Superior, Michigan, and Huron water levels, according to Regulation

Plan 1977, under the auspices of the International Joint Commission (International Lake

Superior Board o/Colltrol 1981,1982).

Lakes Michigan and Huron are considered to be one lake hydraulically because of

their connection through the deep Straits of Mackinac. The second interbasin diversion takes

place from Lake Michigan at Chicago. Here water is diverted from the Great Lakes to the

Mississippi River Basin. The water flows from Lake Huron through the S1. Clair River, Lake

SI. Clair, and Detroit River system into Lake Erie. The drop in water surface between Lakes ..
Michigan-Huron and Lake Erie is only about 2 m (8 ft). This results in a large backwater

effect between Lakes Erie, SI. Clair, and Michigan-Huron; changes in Lakes St. Clair and Erie

levels are transmined upstream to Lakes Michigan and Huron. From Lake Eric the flow is

through the Niagara River and Welland Diversion into Lake Ontario. The major drop over

Niagara Falls precludes changes on Lake Ontario from being transmitted to the upstream

lakes. The Welland Diversion is an intrabasin diversion bypassing Niagara Falls and is used

for navigation and hydropower. There is also a small diversion into the New York State

Barge Canal System which is ultimately discharged into Lake Ontario. Lake Ontario is

completely regulated in accordance with Regulation Plan 1958D to balance damages up-

stream on Lake Ontario with those downstream on the S1. Lawrence Seaway [estimated to

have lowered Lake Ontario 0.75 m (2.5 ft) in 1986]. The outflows are controlled by the

Moses-Saunders Power Dam between Massena, New York and Cornwall, Ontario. From

Lake Ontario, the water flows through the S1. Lawrence River to the Gulf of S1. Lawrence and
to the ocean.

Lakes Superior, Michigan, Huron, and Ontario are very deep, while Lakes Erie and S1.

Clair are very shallow. Table 1 contains pertinent gross statistics on the sizes of the Great

Lakes, Lake S1. Clair, and their basins.

i
I

Kilometers
I I I
o 100 200

Figure 1. Great Lakes Basin.

conditions, and new record highs were once again set on Lakes Superior, Michigan-Huron, SI.
Clair, a)1dEric.

This section presents an overview of the physical characteristics of the Great Lakes

from a water quantity perspective, outlines the basin and lake physical processes, summarizes

the climatology of the Great Lakes, examines the types of natural lake level fluctuations and

their causes, compares the natural fluctuations with existing diversions and regulation effects,

describes current conditions, and concludes with a long-term perspective on lake levels.

2.1 Greal Lakes Overview

The Great Lakes basin, shown in Figure I, contains an area of approximately 770,000 km2

(300,000 mi2), about one-third of which is water surface. Cursory descriptions are given by

Freemall alld Hams (1978), the U. S. Army C01]JS0/ Ellgineers (1985), and the Coordinating

Committee 011Oreat Lakes Basic Hydraulic alld Hydrologic Data (1977). The basin extends

some 3,200 km (2,000 mi) from the western edge of Lake Superior to the Moses-Saunders

Power Dam on the S1. Lawrence River. The water surface drops in a cascade over this dis-

2.2 Plly.~ical Proces.~c.~

The behavior of the Laurentian Great Lakes system is governed by its huge storages of water

and energy. There are three main conservation laws to consider relative to these huge storag-

es: I) mass balances in the basins, 2) mass balances in the lakes, and 3) energy balances in the



negative change in storage. The

large lalce water storages provide a

buffering of the Input fluctuations

with regard to output variations.

The large surface areas of the lalces

enable large storage changes with

very small water level changes:

hence, oulputs (which arc a function

of water levels) change slowly.

Energy conservation in a

lalce actually must be considered

together with a lalce's mass balance.

Lalce heat storage Is a function of

the lalce's size and shape and of Its

surface Inputs of solar Insolation

and renectlon (short wave exchang-

es); thermal emission and at.

mospheric emission (net long wave

exchange). conduction to the

atmosphere (sensible heat transfer). I!YAI'OAATION

heat loss through evaporation

(latent and some advection), other

advection terms (precipitation.

Inflows. and outflows), and Ice

growth and melt. Evaporation Is a

function of surface temperature

(heat storage), air temperature

(atmospheric stability). humidity. and wind speed. Water surface temperatures generally pealc

in August (September for Superior) at 15-25 'C resulting In a stable summertime temperature

stratification in the water column (high-density cool water at depth and low.density warm

water at the surface). Surface temperatures drop during the fall and winter, and the watei'

column In each lalce "turns over" as temperatures drop through 4'C where water density Ii

maximum (deep now-lighter waters rise and mix with now-heavier surface layers). Turn over

occurs again In the spring as surface temperatures rise to that of maximum density.

There Is also extensive ice cover on most of the lalces during most winters. Lalce

Superior averages about 75% ice-covered. Michigan Is 45%, Huron is 68%. Erie is 45%; imd

Ontario Is 24%. Ice fonnatlon and brealcup Is governed by additional mass and energy bal--,

===============================================================

lakes. There are also mass and energy balances to consider for the lakes' ice cover. The first

conservation law (mass balance on the basins) comprises the primary process determining

lalce levels: the hydrologic cycle of the Great Lakes Basin (CrolI!Y 1983a). As shown in

Figure 2, precipitation enters the snowpack. If present, and is then available as snow melt

depending mainly on air temperature and solar radiation. Snow melt and rainfall partly Infil.

trate into the soil and partly run off directly to rivers, depending upon the moisture content of

the soli. Infiltration is high if the soli is dry. and surface runoff is high If the soil is saturated.

Soil moisture evaporates or Is transpired by vegetation depending upon the types of vegeta-

tion. the season. solar radialion, air temperature, humidity, and wind speed. The remainder

percolales into deeper basin storages which feed the rivers and lalces through internows and

groundwater nows. Generally. these river supplies are high if the soli and groundwater stor-

ages arc large. Decause of this buffering effect of the large snowpaclc and the large soil.

groundwater. and surface slorages. runoff from rivers into a lalce can remain high for many

months or years after high precipitation has stopped.

Mass conservation In the lalce is the next major determinant of lalce levels. Major

sources of water into a lalce include precipitation on the land basin which results In runoff into

the lake. precipitation over the lalce surface, Innow from upstream lakes, and diversions into

the lake. Net groundwater nows directly to each of the Great Lalces arc generally neglected

(DI!Cookl! and Wllhl!rspoon 19~ I). The outnows consist of evaporation from the lalce sur.

face, now to downstream lalces. and diversions. The imbalance between the Innow and out-

now results in the lake levels either rising If there Is more Innow than outflow. represented by

a positive change in storage. or falling If there Is more outflow than innow, represented by a
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Table 1. Laurentian Great LakeSizeStatistics.
===============================================================
Characteristic Superior Michigan Huron StClair Erie Ontario
===============================================================
Basinarea, Jcm' 128,000 118,000 131,000 12,400 58,800 60,600

ml' 49,300 45,600 50,700 4,800 22,700 23,400

Surface area. lem' 82,100 57.800 59,600 1.114 25,700 18.960
ml' 31,700 22.316 23.000 430 9.920 7.320

Volume, lent' 12.100 4,920 3,540 3 484 1,640
ml' 2.900 1.180 850 1 116 393

Average depth. m 147 85 59 3 19 86
ft 482 280 190 10 62 280

Maximum depth, m 405 281 229 6 64 244
ft 1.330 923 750 21 210 802
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....
ances that take place simultaneously with those of the lakes' water bodies. The Great Lakes

do not ordinarily freezc-over completely (MslIl lit al. 1983) because of the combination of

their large heat storage capacity, large surface area, and their location in the mid-latitude

winter storm track. Alternating periods of mild and cold air temperatures combine with

episodic high and low wind stresses at the water surface to produce transitory ice conditions

during the winter. Ice cover in mid-lake regions is oCten in motion. Lake Eric ice speeds have

been observed to average 8 cm/s with a maximum speed of 46 cm/s (Campbell lit al. 1987).

Ice can form, melt, or be advected toward or from most mid-lake areas throughout the winter

(Rolldy 1976). When ice is advected into areas wilh existing ice cover, it can under- or over-

ride the ice cover, forming raCted rubble 5-10 m thick. The normal seasonal progression of ice

formation begins in the shallow shore areas of the Great Lake.~ in December and January. The

deeper mid-lake areas normally do not form extensive ice cover until February and March.

lee is lost over all lake areas during the last half of March and during April.

Ice formation alters the surface thermodynamics of the lakes, changing subsequent ice

formation. surface heating or cooling, lake evaporation. and lake responses to atmospheric

changes. The large heat storages of the lakes provide a buffering; they forestall and reduce

ice formation and shift the large evaporation response. Water temperatures lag air temper-

atures and evaporation lags surface heating (insolation). Evaporation peaks in October-

November on Lake Eric and In November-December on Lake Superior.

The large basin and lake storages of water and ice and the large lake and ice storages

of energy represent an "intrinsic memory" that allow scientists to forecast basin moisture

storage and runoff (basin storage buffering) in the face of uncertain meteorology. It also

allows prediction of evaporation (heat storage buffering) and lake levels (lake storage buffer-

ing) of up to about six months of low-frequency changes. It further enables estimation of ice

formation amounts and timing as well as all secondary hydrological variables.

Component

Table 2. Partial Great Lakes Annual Water Balance (1951-88).

Ontario

259

------------------------------------------------------------------------------------------------------------------------
Superior Michigan Huron Erie

(cm) (in) (cm) (in) (cm) (in) (cm) (in) (cm) (in)
----.--....-..........-......-----......--.--....--.--................--.......--

cipitation regime from the late 1960s through the late 1980s. Table 3 summarizes Oreat

Lakes annual precipit~tion totals by basin for several periods. Of particular interest are the

progressions of increasing precipitation for each basin. While the 1940-90 period is generally

above normal (2-8% higher than the 1900-69 average and -2-6% higher than the 1900-90

average), the last 20 of those years are higher still (8-13% than the 1900-69 average and 2-

11% higher than the 1900-90 average); 1985 set many new records with the highest precipita-

tion to that date (8-40% higher than the 1900-69 average and 7-33% higher than the 1900-90

average).

Variations in air temperature also influence lake level fluctuations. At high~r air

temperatures, plants tend to use more water, resulting in more transpiration, and there are

higher rates of evaporation from both the ground surface and the lake. This yields less runoff

for the same amount of precipitation than would exist during a low temperature period when

there is less evaporation and transpi-

ration. Coupled with the higher lake

evaporation. lake levels drop with

increasing air temperature, all other

things being equal. The annual mean

air temperature around the perimeter

of the Great Lakes since 1900,

summarized in Figure 4, indicate

three distinct temperature regimes; a

low temperature regime from 1900-

1929 to a higher temperature regime

from about 1930-1959, and an addi-

tionallow regime from 1960-present

period. The difference between the

previous and current regime is a drop
of about I'F.

2.3 Climatology

Precipitation causes the major long-term variations in lake levels (Qllilln and Croley 1981:

Qllinn 1985). Table 2 shows that annual precipitation ranges from about 82 cm (32 in) for

Superior to 93 cm (37 In) for Ontario. Figure 3 depicts total annual precipitation over Lakes

Michigan-Huron. SL Clair, and Erie for the 1900-79 period (Qllinn 1981; Quinn and Norton

1982). From 1900 through 1939, a low precipitation regime predominated with the majority

or the years falling below the mean. From about 1940 until recently, a high precipitation

regime has existed. Of particular interest is the high precipitation in the early 1950s, the low

precipitation in the early 1960s that led to the record lows, and a consistently very high pre-

3-YearMeanPrecipitation
LakesMlchlgan-Hur0'1St.Clair.and)

Erle
(basedon19uO-1990 period

E
E1100
C
.e100
E 9
'Q.

¥ 80'...
D..

20001920 1940 1980
Year

1980

Figure 3. Historicol Precipitation.

Lake Precip.' 82 32 83 32 87 34 91 36 93 37
Lake RunoW 62 24 64 25 84 33 80 32 169 67
LakeEvap.' 56 22 65 25 63 25 90 35 67 26
------------------------------------------------------------------------------------------------------------------------
'Equivalent depth over the lake area.



There are three primary types of lake

level fluctuations: long-term lake

levels (represented on an annual

basis). seasonal lake levels. and short-

period lake level changes due to wind

setup and storm surge. Annual fluc.

tuations result In most of the variability leading to the record high and low lake levels. The

annual lake levels are shown In Figure 6 from t 860 through Ihe present to Illustrate the long.

term variability of the system. The record highs In t9S2 and 1973 and record lows In 1935

and 1964 are readily apparent. There Is an overall range of about 2 m (6 ft) In the annual

levels. Of particular interest is the fall In the levels of Lakes Michigan and Huron occurring

In the mid. I 880's from which the lakes never recovered. This probably results from dredging

for deeper draft navigation In the St. aair River. Other changes In the St. Clair River Include

sand and gravel dredging between about 1908 and 1924, a 7.6 m (2S ft) navigational project

in the mid-1930's, and an 8.2 m (27 ft)

navigation project in the late t9S0's and

early 1960's. Without these changes,

lake Michigan-Huron would be approx-

imately O.S m (I.S ft) higher than it Is

loday.

The Ihree-year precipitation mean

in Figure 3 correlates very well with

annual lake levels as observed by super.

imposing Ihe annual precipitation on the

annual Lake Erie waler levels in Figure 7.

The precipitation tends 10 lead the water

levels by approximately one year, as

shown here by the 1929 highs, the 1935
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Table 3. Great Lakes Annual Preclpllatlon Summary. and a minimum In the Iale fall. The

negalive values Indicate that more

water Is leaving the lake through

evaporation than Is being provided by

precipitation and runoff.

==================================~=========================
Period Superior Michigan Huron Erie Ontario

(cm) (in) (cm) (in) (cm) (In) (cm) (in) (cm) (in)

2.4 Lake lAvel Fluctuation 8<Tnnd!

1900-69"
1900-90'

7S 30
79 31

79 31
84 33

80 32
84 33

87 34
89 3S

87 34
88 3S

------------------------------------------------------------------------------------------------------------------------
'June-December 1985 provlsion.al data from the U. S. Army Corps of Engineers.

hRecon! high for 19OO-8S.

"Long-term period averages are supplied for comparison.

The magnllude of the hydrologic variables vary with season, as shown in Figure S for

Lake erie (Quinn 1982; Qui"" a"d Keilty 1983). The monthly precipitation Is fairly uniform.

Iy dlslrlbuted throuShout the year, while the runoff has a peak during Ihe spring which results

primarily from the sprlns snow melt. The runoff Is at a minimum In the late summer and

early fall due to large evapotranspiration from the land basin. The lake evaporation reaches a

minimum durinS the !prins and srndually increases untUit reaches a maximum in the late fall

or early winter. The hlSh evaporation period Is due to very cold dry air passing over warm

lake surfaces. The Integration of these

components Is depicted In the net basin

supply, which consists of the precipita-

tion plus the runoff ntlnus the evapora-

tion. As seen from Table 2, Ihese three

components of net basin supply are an of

the same order of magnitude for each

lake. Annual runoff to the lake ranges

from about 62 em (24 In) for Superior to

169 cm (67 In) for Ontario, and annual

lake evaporation ranges from about S6

cm (22 In) for Superior to 90 cm (3S In)

for Erie. The net basin supply is seen in

Fisure S to reach a maximum In April

GreatLakesAnnualTemperature
101-(1900-29,1930-59, and 1960-90)

o 9
o
ar8
~ 7
f! 6CD

~5
{!!. 4

1900 1920 1940 1960 1980 2000
Year

Figure 4. Hisiorical Air Temperature.
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lake Erie
Componenls NetBasinSupply

III~
~
c:o...
III

j

Figure S. Seasonal Net Basin Supply,

Ii)co
~ 18
9
~f71
e
01'17.'ii>
~
III

~

j 1880 1900 1920 1940 1980 1980
Year

Figure 6. Hlslorlcal Great Lake Levels,

..-.-.--.-.-.......-.-...-.-..-..........-.....-....-....-............-.-.-.-.....-....-..-..-..
1900-39 72 29 78 31 77 31 8S 34 86 34
1940-90 81 32 82 33 86 34 89 3S 93 37
1970-90 84 33 86 34 89 3S 94 37 98 39
1985' 10.5' 41h 97h 38h l06h 42h 107 42 94 37



lows, the 1952 highs, and the 1963

lows. In particullf, the last 15 years of

high precipitation resulted In very high

water levels. Thus, the continuing high
levell are the result of the Increased .
precipitation regime since 1940 coupled

with the lower temperllure regime
since 1960.

Superimposed on the annual

levels Ire the seasonal cycles shown in

Figure 8; each lake undergoes a season-

al cycle every year. The magnltud~

depe,!ds upon the Individual water

supplies. The range varies from about

30 cm (I ft) on the upper lakes to about

38 cm (1.3 1'1)on the lower lakes. In general, the seasonal cycles have a minimum In the

winter, usually January or FebrulfY. The levels then rise due to Increasing water supplies

from snow melt and spring precipitation until they reach a maximum In June for the smaller

lakel, Erie and Ontario, and September In the case of Lake Superior. When the net water

supplies diminish In the summer and fall, the lakes begin their seasonal decline.

The nnaltype of nuctuation which Is common along Ihe shallower arcns or the Orcat

Lakes, particularly Lake Erie. Saginaw Day, and In some cascs on Orcen Dny, are storm

surges and wind sct-up. Under these

conditions when the wind Is blowing

along the long axis of a shnllow lakc or

bay, a rapid differencc In Icvels cnn

build up between one end of thc lakc
and the other. This diffcrence can be as

large IS 5 m (16 ft) (or Lake Erie

(storm of 2 Decembcr 1985). Thcse

storm conditions, when superimposed

on high lake levels, cause most o( the

damage along the Oreat Lakes shore-
line. .

looking In more detail at the

past trends In lake levels, along with the
more recent conditions for Lake Erie,

"

we sce a steady progression o( changes

in the lake levcls with time In Figure 9.

These changes renectthe changes in

precipitation, iIIusbated In Figure 3 and

summarized In Table 3. At the bottom

of Figure 9 are the record low lake

levels (or each month which were set

primarily In 1964. Proceeding upwards

we have the 40-year average from

1900-1939. From 1940-1979, the lake

is at a stili higher average levcl. Taking

the II-year period from 1970-1980, we

see that the lake level average Is higher

yet, followed by the record highs set In Figure 9. Lake Erie Level Comparisons. .

1985. Record levels (or the month . . r

were set In ,t,priland May 1985 on Lakes Michigan-Huron, St. Clair. and Erie; they were let

(or November 1985 through April 1986 on Lakes Erie and St. Clair. Since that time, a record

drought brought walcr levels back 10 their long-term normal values In the lale 1980s and early

I990s.
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It Is inleresting to complre Ihe impacls of the exisling diversions on lake levels In Table 4

with naillrallnke.lcvcl nuclualions (I"ternatlnnal Great Loke.f Diversions and Consumptive

U.fes SlIIdy Onord 1985). This cnablcs a comparison of man'S Impacls with natural nuctua-

lions. The Long Lac and Ogoki Divcrsions averagc about 160 cms (5,600 cfs) and raise lake

levels betwecn 6 cm (0.21 fl) and II cm (0.37 fl). The Chicago Diversion averages about 90

cms (3,200 cfs) and lowers lake levcls betwccn 2 cm (0.07 £I) and 6 cm (0.21 fl). The Wel.

land Canal, which bypasses Niagara Falls, averages about 270 cms (9,400 cfs) and lowen

lake levels betwecn 2 cm (0.06 ft) and 13 cm (0.44 £I) with no effect on Lake Ontario. The

combined effect on the lakes ranges (rom a 2 cm (0.07 fI) rise for Lake Superior to a 10 cm.

(0.33 fl) drop (or Lake Erie. The divcrslon effecls are Ihere(ore small in comparison with the

one or more meler (several foot) variation associated with shorl-Ierm slorm movements, the

30-38 cm (I-\.3 ft) seasonal cycle. and Ihe 2 m (6 fl) range of annual variations.

The small effects of the diversions along with the long response time of the system

Illustrate why diversions Ire nOI suitable for lake regulation. Due to the large size of the OreatFigure 8. Seasonal Cycles.
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Amount Superior

such as the Powder River coal slurry pipeline would require 0.2 cms (5-8 c(s) of water and

would have no measurable impact on lake levels. A synthetic fuels project. hIghly unlikely at

this time, could require approximately 23 cms (800 cfs) and result in a lake level lowering of

1-2 cm (0.04.(1.06 ft). A major agricultural or aquifer recharge project could require 300 cms

(10.000 cfs) and would result in lake level decreases ranging from 12 em (0.4 (I) on Lake Brie

to 21 cm (0.7 ft) on Lake Michigan-Huron. It should be emphasized that these are hypotheti-

cal projections for illustration only.

Diversion

Table 4. Impact of Existing Diversions on Lake Levels.

Ontario
==========================================:=====================

Mich-Hur Erie
--- ..---

(m's") (cfs) (cm) (ft) (cm) (ft)
--.-- ----.-
(cm) (ft) (cm) (ft)-.-.-.----------.------------.-

Lakes system, it responds very slowly to man-induced changes. This Is illustrated In Figure

10 by the length of time It takes from the stan of a hypothetical diversion on Lakes Michigan

and Huron (of the magnitude of the .Chlcago diversion) until the ultimate effect of that diver-

sion Is reached on Lakes Michigan-Huron, and Erie. It takes approximately 3-3.5 years to

achieve 50.. of the ultimate effect and 12-15 years to get 99.. of the effect. ('These results

depend somewhat on the lake levels at the beginning of Ihe diversion.) Thus. regulation by

diversion would not produce changes responsive to nalural fluctuations. Rec~nt studies at

GLERL Indicate that an Increase of 10.. in the Niagara River discharge from Lake Brie (and

consequent increases in Lake Brie Inflow) would lower it 27 cm (10.5 in) In about 11-12 years

and lower Lakes Michigan and Huron 14 cm (5-6 in) in this same period. If Lake Erie in-

flows were held constant (not possible at the present time), then it would take 6 months to 1

year to achieve this lower-

Ing.
Additional interba.

sin diversions are a highly
controversial issue at the

present time around the
Great Lakes. Possible

u~sofGreatLakeswa~r

outside the basin are flow

augmentation for naviga-

tion, energy uses such IS

synthetic fuels or pipe-

lines. agriculture and

aquifer recharge, and

municipal water supplies.

A small pipeline project

2.6 Future

Effect on lake Erie
of lake Erie Diversion

100 \ ---u ....
QI .. \
in 0) 80 :' Effectonlake Michigan
.! Gi: of lake MichiganDiversion
1G~80. Ag-' : Ii-Effect on lake Erie
5 ~ !J of lake MIchiganDiversion
'OJ 40 Ii
'Cc Ii
8020
Iii ~Q.

Water levels ordinarily do not change fast, as shown by the above consideration of diversions.

Other studies at GLERL indicate that if normal meteorological conditions were realized

("normal" being the average conditions over 1900-69) ins~ad of the record drought of the la~

1980s,1t would have taken about 6 years for Lake Michigan-Huron to relUrn from ilS 1anuary

1986 level to its normal (1900-69) level. About 7 years would have been required for Lakes

SL Clair and Erie to return to within 4 in of normal, and about 9 years would have been re-

quired for them to return to within 2 in of normal. Even supposing that we encountered a

drought similar to the 1960-64 conditions. about 3.5 years would have been required for Lake

Michigan-Huron and about 4 years would have been required for Lakes SL Clair and Brie.

A long.term perspective on Lake Michigan levels for 7.000 years was reconstructed

through geologic and archaeologic evidence (Larsen 1985) under work sponsored by the

l11inois Geologic Survey. Conditions several thousand years ago were not necessarily the

same as today due to isostatic rebound and uplift during the Intervening time. But, In general.

this provides additional perspective on possible conditions we may experience In the (uture.

Looking at just the last 2,500 years, during which time the Great Lakes were In their current

state, there were major lake level fluctuations. During most of Ihis time the levels were much

higher and more variable than they have been during the last 120 years of record. If the past

is any indication, lake levels In the future could go through a considerably larger range than

we have experienced lately. Indeed. the period of record which makes up what many consider

to be normal, the early 1900's through the 1960's, may be abnormal conditions.

2.1 Summary Comments on Gnat Lakes Dynamicso
o 5 ro ~

TIme After Start of Diversion In Years
Huge storages of water in the basins and the lakes and of energy in the lakes give the laure-

ntian Great Lakes their characteristic behavior. They filter the variability of the meteorologi-
Figure 10. Response to Diversions.

Ogokl-Long Lac 160 5600 +6 +0.21 +11 +0.37 +8 +0.25 +7 +0.22
Olicago 90 3200 -2 -0.07 -6 .0.21 -4 -0.14 -3 .0.10
Weiland 270 9400 -2 -0.06 -5 -0.18 -13 -0.44 0 0
COMBINED +2 +0.07 -I -0.02 -10 -0.33 +2 +0.08
================================================================
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calinputs and enable hydrological predictions in the face of uncertain meteorology, if the

storage amounlS are known. Lake levels arc most affected by temporal patterns of precipita-

tion; air temperature patterns playa lesser but important role also. It is important to keep In

perspective that while we have ranges in annual lake levels of 1-2 m (4-6 ft), and additional

short term effects on the order of 2-3 m (7-8 fO,the effects of man on the system are relatively

small, on the order of about 5 cm (0.2 ft). While the lakes are slow changing over the long

term In the (ace of normal meteorology, past fluctuations have been very large. Future chang-

es will depend mostly on future climate.

transpiration, actual evapotranspiration, and mass conservation. As a conceptual model, the

LBRM is useful not only for predicting basin runoff, but to facilitate understanding o( wa-

tershed response to natural forces as well. The main mathematical feature of the LBRM is

that it may be described by strictly continuous equations; none of the complexities assocIated

with inter-tank flow rate dependence on partial filling are introduced. For a sufficiently large

watershed, these nuances are not observed due to the spatial integration of raln(all, snow melt,

and evapotranspiration processes.

Dally precipitation, temperature, and Insolation (the latter available (rom climatologi-

cal summaries as a function of location) may be used to determine snowpack accumulations

and net surface supply based on degree-day determinations of snow melt. The net surface

supply is divided into infiltration to the upper soil zone and surface runoff by taking Infiltra-

tion proportional to the net surface supply rate and to the areal extent of the unsaturated por-

tion of the upper soil zone. Outflow from each storage within the watershed Is proportional to

the moisture in storage. The evapotranspiration rate from the upper and lower soli zones Is

proportional to available moistures there and to the heat rate available for evapotranspiration;

it also reduces the heat available for subsequent evapotranspiration. The tOlal amount of heat

in a day is split between that used for and that still available for evapotranspiration by empiri-

cal functions of air temperature based on a long-term heat balance. Mass continuity yields a

first-order linear differential equation for each of the moisture storages (Crotey 1982), which

are tractable analytically; they are solved simultaneously to determine dally moisture storage,

evapotranspiration, and basin runoff from daily data.

The Great Lakes basin is divided inlo 121 watersheds, each draining directly to a lake,

grouped into the six lake basins. The meteorologic data from about 1,800 stations about and

in the watersheds are combined through Thiessen weighting to produce &really. averaged daily

time series of precipitation and maximum and minimum air temperatures for each watershed

(Crot!!y and Hartmann 1985b). Records for all "most-downstream" flow stations arc com-

bined by aggregating and extrapolating for ungauged areas to estimate the dally runoff to the

lake from each watershed. The LBRM is calibrated to determine the set of parameters result-

ing In the smallest sum-of.squared-errors between model and actual dally flow volumes (or

the calibration period (Crotey 1983b, Crot!!y and Hartmann 1984, 1985a). After the LBRM Is

calibrated for each watershed, the model outflows are combined to represent each Oreat Lake

basin; this distributed-parameter model Integration filters individual sub-basin model errors.

The LBRM calibration periods generally cover 1965-1982 depending upon flow data avall~

ability. Table 5 presents overall calibration results for the distributed-parameter applications.

The LBRM was also used in forecasts of Lake Superior water levels (Crot!!y and Hartmann

1987), and comparisons with climatic outlooks showed the runoff model was very close to

actual runoff (monthly correlations of water supply were on the order of 0.99) for the period

3. Laurentian Great Lakes I'hyslcnl I'rocess Models

,.

OLERL developed, calibrated, and verified conceptual model-based techniques for simulating

hydrological processes In the Great Lakes (including Georgian Bay and Lake St.Clair sepa-

rately). OLERL Integrated the models Into a system to estimate lake levels, whole-lake heat

storage, and water and energy balances for forecasts and for assessment of impacts associated

with climate change (Crot!!y 1990, 1993a,b; Crot!!y and Hartmonn 1987, 1989; Crot!!y and

U!! 1993;Hartmann1990).These Includemodel~(or rainfall-runof((121 dallywatershed
models (Crot!!y 1982, 1983a.b; Crot!!y and Hartmalll. 1984»), over-lake precipitation (a dally

estimation model). one-dimensional (depth) lake thermodynamics (7 dally models (or lake

surface nux, thermal structure, and heat storage (Crot!!y 1989a,b. 1992a; Crot!!y and Msd

1994)], channel routing (4 daily models for connecting channel flow and level, outlet works,

and lake levels (Hartmalfll 1987,1988; Qtlln" 1978»). lake regulation [a monthly plan balanc-

ing Lakes Superior, Michigan. and Huron (I"t!!mallonat Lab SIIIJ!!rlor Board of Controt

1981,1982) and a quaner-monthly plan balancing Lake Ontario and the 51. Lawrence Seaway

(Inl!!rnatttJllat St. Law/'I!nc!! Rtver Board of Controt 1963)], and diversions and consumption

(Int!!rnattonal Gr!!atLaka Div!!rttons Dlld Constlmptlv!! US!!S Sttldy Board 1981).

3.1RunalJModdlnl

The OLERL Large Basin Runoff Model (LBRM) consists of moisture storages arranged as a

serial and parallel cascade of "tanks" (Crotey 1983a,b); water flows from the snowpack to Ihe

upper soli zone lank, from the upper to the lower soil zone and surface storage tanks, (rom the

lower to the groundwater and surface tanks, (rom the groundwater to the surface tank, and

from the surface tank out of the watershed; see Figure 2. It makes use of physical concepts

for snow melt and net supply to the watershed surface, infiltration, heal available for evapo.



':>oJ
.

. ...
.
'

.'J'~~\,
~j:i

't:'.~
~;:: ~

.'

268 269

Table S. Large Basin Runoff Model Calibration Statistics'. near-shore meteorology are significant and the drainage basins have relatively low reUef, the

use here of all available meteorologic stations throughout the basin Is probably less biased

than the use of only ncar-shore stations.

====================================================

3.3 Over-lake Evaporation

Current Great Lakes evaporation studies use mass transfer formulations that Include at-

mospheric stability effects on the bulk transfer coefficients, applied to monthly data for water

surface temperatures, wind speed, humidity, and air temperatures (Quinn 1979). The present

study uses that approach applied to dally data but combined with models for over-water.

meteorology, ice cover, and lake heat storage and with a lumped representation of a lake's

heat balance (Croley 1989a,b, 1992a); see Figure II. As over-water data arc not gencra11y

available, over-land data are used by adjusting for over-water conditions. Phillips and Irbe's

(1978) regressions for over-water corrcctiQns are used directly by replacing the fetch (and

derived quantities) with averages. Air temperatures and specific humidities over Ice are used

. for over-ice evaporation calculations and over water for the over-water calculations; the two

estimates are combined by weighting for the fraction of the surface covered in Ice. Water and

ice pack heat balances (Croley and Asse11994) were used to relate ice cover extent to meteor-

ology, heat storage, and surface fluxes between the atmosphere, !he water body, and the Ice

pack.
Kraus and Tumer's (1967) mixed-layer thermal structure concept Is extended for the

Great Lakes to allow the determination of a simple one-dimenslonal model for surface tem-

perature increments or decrements from past heat additions or losses, respectively (Croley

1989a,b, 1992a). The effects of past II'dditions or losses arc superimposed to determine the

surface temperature on any day as a function of heat In storage; each past addition or loss Is

parameterized by its age. Turnovers (convective mixing of deep lower-density waters with

surface waters as surface temperature passes through that at maximum density) can occur as a

fundamental behavior of this superposition model, and hysteresis between heat In storage and

surface temperature, observed during the heating and cooling cycles on the lakes, Is preserved.

Heat in storage In the lake at the end of each day is given by a simple conservation of

energy by taking the change in storage equal to the sum of the fluxes Integrated over the day.

As summarized by Gray et al. (1973), shon-wave radiation is interpolated from generalized

maps of Canadian and northern U.S. mid-monthly clear-sky values and adjusted for cloud

cover. Average shon-wave reflection is taken simply as one-tenth of the incident or as a func-

tion of ice cover, and sensible heat transfers at the water or ice temperature (minimum of air

temperature or freezing temperature) arc computed directly from the same mass transfer

====================================================
'Statistics and calibratiohs generally cover 1966-83; verification gcneraUy

covers 1956-63.

~uivalent depth over the land portion of the basin.

August 1982 . December 1984 which is outside of and wetter than the calibration period

(Croley and Hartmann 1986). The model also was used to simulate flows for th~ time period
1956-63, outside of the period of calibration. The correlation of monthly flow volumes

between the model and observed values during this verification period are also contained in

Table 5. They are a little lower than the calibration correlations but quite good except for

Lakes Superior and Huron (there were less than two-thirds as many flow gages available for

1956-63 as for the calibration period for these basins).

3.2 Over-lake Precipilalion

The lack of over-lake precipitation measurements means that estimates typically depend on

land-based measurements, and there may be diCferences between land and lake meteorology.

Although gage exposures may significantly influence the results of lake-land precipitation

studies (Boisenga 1977, 1979), Wilson (1977) Coundthat Lake Ontario precipitation estimates,

based on only ncar-shore Stations, averaged 5.6% more during the warm season and 2.1 % less

during the cold season than estimates based on stations situated in the lake. By using a

network that also included stations somewhat removed from the Lake Ontario shoreline,

Bolsenga and Hagman (1975) found that eliminating several gages not immediately in the

vicinity of the shoreline increased ovcr-Iake precipilation estimates during Ihe wann season

anddecreasedthemduringthecold season. Thus.forthe GreatLakes.wherelakeeffcctson

Number Root
of Mean Aow Mean Correlation
Sub- I-day Std. Square ------.-..

Lake basins Aow Dcv.. Error CaUb. Verif.
(mm)b (mm)b (mm)b

---...-.--.---.--.-.-.-....-.--.-.-.--.-----.-.-.--
Superior 22 1.12 0.67 0.25 0.93 0.77
Michigan 29 0.89 0.47 0.18 0.93 0.86
Huron 27 1.06 0.69 0.26 0.92 0.69
SLOair 7 0.90 1.36 0.62 0.89 0.87
Eric 21 1.01 1.28 0.54 0.91 0.90
Ontario 15 1.41 1.13 0.43 0.93 0.89



formulation and

assumption(that the
bulk evaporation
coerricient Is equal
to the sensible heat

coerrlclent) that Is I,'
used to derl ve

evaporation. It Is
then added to evapo-

rative advection and

latent heat transfers.

Evaporative heat

transfers from Ice

Include the heat of

fusion as well. Net

long-wave radiation

exchanse Is derived

from considerations

of the water and

atmosphere as sray
bodies with correc-

tion for cloud cover

only. to atmospheric

radiation (KtlJman

1974). Net Ions-
wave radiation

exchange over Ice Is computed as for open water, ignoring the small effects of the Ice surface

on the exchange. Energy advected with precipilatlon is adjusted If the precipitation Is snow.

to account for the heat required In snow melL Energy advected with precipitation onto the Ice

surface is uneorrected for melt since that is taken as occurring with Ice melt, which is added to

the budget when It happens. The energies advected into and out of the lake with other mass

flows are relatively very small and are Ignored. The equations representing evaporation, heat

storage, and heat fluxes are solved simultaneously with daily data on over-land wind speed,

air temperature, cloud cover, and humidity; details of an iterative solution technique are avail-

able elsewhere (Cro/~y 1989a.ti, 1992a).

Unfonunately, there are no really good Independent evaporation data to calibrate and

verify evaporation models on the Oreat Lakes. Water balances are Insumcient due to the
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AIR TEMPERATURE. WIND SPEED
HUMIDITY. PRECIPITAOON. CLOUD COVER

large errors induced by subtracting nearly equal large Inflows and outflows to each Oreat

Lake, or due to elTOrs In estimates of the water balance components. However, with the joint

heat balance and evaporation model described here, It Is possible to compare water surface

temperatures with data, now available from the National Oceanic and Atmospheric Adminis-

tration's Polar Orbiting Satellite Advanced Very High Resolution Radiometer (lrb~ ~t at.

1982; AES 1988).

Dally meteorological over-land data at from five to seven near-shore stations about

each Oreat Lake were assembled and averaged for correction to over-lake data. The heat

balance model was calibrated to give the smallest sum-of-squared-elTOrs between model and

actual daily water surface temperatures observed by satellite during the calibration period of

generally 1979-88; the results are summarized In Table 6. There is good agreement between

the actual and calibrated-model water surface temperatures; the root mean square elTOr Is

between 1.\-1.6'C on the large lakes [within l.l-1.9'C for an Independent verification period,

1966-78 (Croley 1989a,b, 19921»).

OVER-lAKE IAETEOROlOGY OVER-ICE METEOROlOGY

SURFAcE FLUX PROCESSES
ATMOSPHEmC STABIUTY

BULK mANSFER COEFFICIENTS

AERODYNAMIC EQUATION (DALTON'S LAW)

REFlECOON NET ADVECOON SENSIBLE LATENT
lONGWAVE

I HEAT HEAT
RADIATION flUX flUX

ATMOSPHERE.LAKE flUX ATMOSPHERE.ICE flUX 3.4 Modds Validit,

Although OlERl uses a dally resolution of data with their models, basin-wide processes of

nlnoff, over-lake precipitation, and lake evaporation (described with models here) respond

dlscemlbly to weekly changes al besl, and monthly is usually adequale for net aupply and lake

level simulation (Ihls ignores shon-term fluctuations assoclaled with slorm movement ~blch

are not addressed in this study). Ukewise, spatial resolution finer than about 1,000-5,000 iCm2

(the present average resolution of OlERl's models and their applications) Is unnecessary and

much can be done In assessing hydrology changes at resolutions of 100,000. 1,000,000 km2

with lumped versions of the models. This coarse spatial resolution Is stili much finer than

present general circulation model (OCM) grids. .. .
The models were partially assessed by computing net basin supplies to the lakes with

historical meleorological data for 1951-80 and comparing to historical net basin supplies. J1te

absolute average annual difference ranged from 1.6% to 2.7% on the dec!p lakes while the

Lake St. aair and Lake Erie applications were 12.0% and 7.0% respectively; month-to-month

differences showed more variation. These differences generally reflect poorer evaporailon

modeling on the shallow lakes and snow melt and evapotranspiration model diserepancles for

the other lake basins. While monthly differences were generally small, a few were slgnlfl.

cant. The low annual residuals were felt to be acceptable to use these models In assessing

changes from the current climate as they would be consistently applied to both a "present" and

all budget lerm errors In the derived net basin supplies. "

SURFACE DEPTH.TEMPERATURE HEAT IN
TEMPERATURE PROFILE STORAGE

ICE
COVER

~ ~ ~ ~
FIgure 11. Evaporallon Model Schemallc
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Table 6. Dally Lake Evaporation Model Calibration Results.
===================================================================

Lake
------------------------------

OntarioSuperior Michigan Huron Georgian Erie
-------------------..-------------------------------

Means Ratio'

Variances Ratio.

Correlation.

R.M.S.E.'

Means Ratio'

Variances Ratio'

Correlationl

R.M.S.E.J

"
...

Means Ratio'

Variances Ratio.

Correlation.

R.M.S.E.'

CALmRATION PERIOD STATISTICS

Water Surface Temperatures (1980-88)'
1.00 1.01 0.98 1.01
1.01 0.98 0.95 1.02
0.98 0.97 0.98 0.99
1.13 1.56 1.33 1.10

Ice Concentrations (1960-1988)'

O.n 0.72 0.70 0.98
1.24 1.02 1.67 1.62
0.76 0.83 0.73 0.77
23.4 12.4 26.0 21.5

VERIFICATION PERIOD STATISTICS

Water Surface Temperatures (1966-79)k

0.96 1.03 0.98
1.10 0.95 1.00
0.97 0.99 0.98
1.09 1.10 1.34

1.05
1.10
0.98
1.91

0.94
0.97
0.96
1.92

===================================================================
'Data between January I. 1980 and August 31.1988 for all lakes except Michigan and

between January I. 1981 and August 31,1988 for Lake Michigan, with an initialization

period for all lakes except Georgian Bay starting January 1. 1948 and January 1. 1953 for
Georgian Bay.

'Ratio of mean model surface temperature to data mean.

<Ratio of variance of model surface temperature to data variance.

.Correlation between model and data surface temperature.

CRoot-mean-square error between model and data surface temperatures in degree.~ C.

'Data between January I. 1960 and August 31, 1988 for all Great Lakes except Superior and

between March I. 1963 and August 31, 1988 for Lake Superior, with an initialization period
foralllakesstaning January I, 1958.

'Ratio of mean model ice concentration to data mean.

'Ratio of variance of model ice concentration to data variance.

'correlation between model and data ice concentration.

JRoot-mean-square error between model and data ice concentrations in %.

kData between January I, 1966 and December 31,1979 for all lakes except Michigan with an

initialization period for all lakes except Georgian Bay staning January I, 1948 and January I.
1953 for Georgian Bay.
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a "changed" climate. Funher assessment of model deficiencies with comparisons to histl)rical

net basin supplies is difficult since the latter are derived from water budgets which incolpOrate

There is some indication of model applicability outside of the time periods over whh;h

the models were calibrated as indicated above and in Tables 5 and 6. To assess the applicabil-

ity of the process models to a climate warmer than the one under which they were calibrated

and verified requires access to meteorologic data and process outputs for the warmer climate

which unfonunately do not exist. Warm periods early in this century are not sufficiently

documented for the Great Lakes. In particular, data are lacking on watershed runoff to the

lakes, water surface temperatures, wind speed, humidity, cloud cover, and solar Insolation.

It is entirely possible that the models are tied somewhat to the present climate; empiri-

cism is employed In the evapotranspiration component of the LBRM and in some of the heat

flux terms in the heat balance and lake evaporation model. Coefficients were determined or

selected in accordance with the present climate. The models are all based on physical con-

cepts that should be good under any climate; however, the assumption is made that they repre-

sent processes under a changed climate that are the same as the present ones. These include

linear reservoir moisture storages, partial-area infiltration, lake heat-storage relations with

. surface temperature, and gray-body radiation. However, the calibration and verification

periods for the component process models include a range of air temperatures. precipitation,

and other meteorological variables that encompass much of the changes in these variables

predicted for a changed climate. Even though the changes are transitory in the calibration and

verification period data sets, the models appear to work well under these conditions.

4. Laurentian Great Lakes Climate Change Response

Oimatic change will impact many aspects of the hydrologic cycle with interrelated conse-

quences for mankind. A doubling of atmospheric C02 will impact Great Lakes water supply

components and basin storages of water and heat thaI must be understood before lake level

impacts can be assessed. Because the Laurentian Great Lakes possess tremendous water and

heat storage capacities. they respond slowly to changed meteorologic inputs. This "memory"

results In a filtering or dampening of most shon.term meteorologic fluctuations and in a

response to longer-period fluctuations characteristic of climate change. The large Great Lakes

system thus is ideal for studying regional effects of climate changes.

Preliminary estimates of the impact of climatic warming on Great Lakes water re-

sources are summarized elsewhere (Croley and Hartmann 1989; Croley 1990). The Envi-

ronmental Protection Agency (EPA) coordinated several regional studies of various impacts

of a doubling of atmospheric CO2 at the direction of the U.S. Congress. As part of that study,

1.03 0.99
1.08 0.99
0.99 0.98
1.58 1.43

1.15 0.39
1.09 0.63
0.89 0.54
19.0 15.4
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GLERL assessed steady-state and transient changes In Great Lakes hydrology consequent

with simulated atmospheric scenarios from three GCMs. Those studies, in pan, and the high

W,8ter levels of the late 1980s prompted the International Joint Commission to reassess climate

change Impacts on Great Lakes hydrology and lake thermal structure.

The methodology established In the BPA studies was adopted with slight modifica-

tions for use In the DC studies. The methodology Integrates hydrology and lake heat storage

models (Croley 1991, 1mb) to consider climate scenarios supplied by the Canadian almate

Centre (CCC) from Its OCM (Louie 1991; McFarlane 1991). Cohen (1991) discusses the

problems with this approach. The CCC provided a "present-climate" meteorology simulation

(lxCOz) and a changed-climate scenario (2xCOz) dcveloped from their atmospheric global

circulation model. GlBRL abstracted differences between the CCC.generated IxC~ and

2xCOz atmospheres, made these changes to historical data, and observed the impact of the

changed data In the hydrological outputs of their models.

The EPA studie.~ included partial assessments of large-lake heat storage associated

with climate change on Lakes Michigan (McCormic1c 1989) and Brie (Blumberg and DiToro

1989). The DC study looked in less detail but more breadth at large-lake thermodynamics in

that while only lake-wide effects were considered, all lakes were assessed. This section pres-

ents the methodology of linkage between regional hydrological models and the OCMs, de-

scribes their limitations, and presents and Interprets the IJC studies of hydrological changes

predicted through use of the Canadian ahnate Centre's GCM.

cloud cover data for the 1951-88 period: this is called the "base case" or "1xCOz" scenario,

The Initial conditions were arbitrarily set, but an Initialization simulation period of I January

1948 through 31 December 1950 was used to allow the models to converge'to conditions

(basin moisture storages, water surface temperatures, and lake heat storages) Initial to the I

January 1951 through 31 December 1988 period. OLERL then attempted to estimate "steady-

Slate" conditions, but there were problems.

The procedure to estimate "steady-state" conditions Is to repeat the 41-year simulation

with Initial conditions (basin moisture storages, lake heat storages, and surface temperatures)

set equal to their values at the end of the simulation 'period, until they are unchanging. This

procedure requires many iterations for a few sub-basins with very slow groundwater storages

and suggests very different Initial groundwater storages than were used In calibrations,

Actually, the original calibrations of the models used arbitrary (but fixed) Initial conditions,

GLERL should have determined initial conditions In the calibrations, but that was unfeasible;

there Is little confidence in calibrated parameter sets that suggest very slow groundwater

storages (half-lives on the order of several hundred years in some cases) since only 10-20

yean were used In the calibrations. Therefore, the best estimate of .present" hydrology Is to

use calibrated parameten with Initial conditions on "the same order" as those assumed for the

calibrations. GLERL did the latter and then conducted simulations with adjusted data sets. .
Average monthly absolute air temperatures, specific humidities, cloud cover, precipita-

tion, and wind speed were supplied for each month of the year by the Canadian Climate

Centre as resulting from their second-generation global circulation model; see McFarlane

(1991). While available at grid points spaced 3.75 degrees latitude by 3.75 degrees longitude.

Lollie (1991) interpolated monthly averaged data to a grid of 1 degree latitude by I degree

longitude for both the .present" and "fUlUre" atmospheres (with one and two times the C01

content of the "present" atmosphere). He weighted values at surrounding grid points Invenely

to the square of the distance to each point. OLERL computed ratios of "future" (2xCOz) to

"present" (lxCOz) monthly average absolute air temperatures, specific humidities, cloud

cover. and precipitation and monthly average differences of 2xCOz to lxCOz wind speeds at

each of these grid points. They then used these ratios and differences with the historical data

to estimate the 41-year sequences (1948-88) of atmospheric conditions associated with a

changed climate, referred to as the "2xCOz" scenario.

OLERL inspected each of the 770,000 square kllometen within the Oreat Lakes Basin

to see which grid point it is closest to and applied the monthly adjustment at that grid point to

dala representing that square kilometer. By combining all square kilometen representing a

walershed or the lake surface, OLERL derived an areally-averaged adjustment to apply, to

their areally-averaged data sels for the watershed or lake surface, respectively. They then

used the 2xCOz scenario in simulations similar to the base case scenario. They repeated the

4.1 Methodolol1

OLBRL constructed a master computer procedure to integrate the Large Basin Runoff Model,

over-lake precipitation estimates, and the lake evaporation models for al\ lakes to provide a

net water supply model for the entire Oreat Lakes system. They developed it specifically to

look at the Impact of changed climate by doing simulations with changed meteorology that

represent scenarios of changed climate and comparing with simulations based on historical

meteorology (representing an unchanged climate). Inputs are areal-average daily precipitation

and maximum and minimum air temperatures for each of the 121 watersheds about the Oreat

Lakes and areal-average daily air temperature. cloud cover. humidity, and wind speed for each

of the five Great Lakes and Lake Sl aair.

OLBRL's general procedure for the Investigation of steady-state behavior under a

changed climate is similar to that used for the EPA, as detailed elsewhere (Croley 1991: Louie

1991); It required that GLERL lint simulate 38 yean of "present" hydrology by using histori-

cal dally maximum and minimum air temperatures, precipitation, wind speed, humidity, and
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41-year simulation with initial conditions set equal to their values at the end oC the simulation

period, until they were unchanging to estimate .steady-state. Cuture conditions. They then

intelpretcd differences between the 2xC02 sc:cnario and the base case scenario, Cor the 19S I.

88 period, as resulting Crom the changed climate.

TransCer oC inCormation between the GCMs and GLERL's hydrologic models in the

manner dcsc:ribcd involves several assumptions. Solar insolation at the top oC and through the

atmosphere on a clear day are assumed to be unchanged under the changed climate, modified

only by cloud cover changes. Over-water corrections are made in the same way, albeit with

changed meteorology, which presumes that over-water/over-Iand atmospheric relati,onships

are unchanged. GLERL's proc:cdure Cor transCerring inCormation Crom the GCM grid to their

spatial data is an objective approach but simple in conc:cpL It ignores interdependencies in the

various meteorologic variables as all are averaged in the same manner. OC secondary impor-

tanc:c, the spatial averaging oCmetCC!rologic values over a box centered on the GCM grid point

(implicit In the use oC the nearest grid point to each square kilometer oC interest) filters all

variability that exists in the GCM output over that box. If GCM output was intelpolated

between these point values, then at least some oC the spatial variability might be preserved.

The Intelpolation pcrConned by Lollie (1991) Crom the original GCM grid to a finer grid re-

duced this problem, but it still exists in the use oC the finer grid with the hydrology models.

OC course, little is known about the validity oC various spatiallntelpolation schemes and, Cor

highly variable spatial data, they may be inappropriate. However, the same is true Cor the

spatial averaging that was used to supply the GCM results Cor this study.

Steady-state behavior, in all aspects oC the hydrological cycle, are exemplified here in

figures Cor the Lake Superior basin and summarized Cor all lakes and all climate-change

scenarios Cor the entire period in tables.

tation is 8% higher over the Superior

basin to 10% lower over the Eric basin

with a Cairly smooth change with longi-

tude; see Table 7. Precipitation changes

and air temperature changes arc both

Cairly consistent with longitude as iI.
lustrated In Table 7.

ao AirTemperature ('0) I;;; 28 x COzI

~~ ~'3D

170 Precipitation (mm/month) :

856 ~o:-:~ ':~
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4.3 Basin Hydrology

Figure 12, Over,Basin Meteorology Changes.

The resulting average annual steady-state

evapotranspiration Crom the land portion oC the basins is higher Cor the 2xC02 climate in all

lake basins, wilh a Cairly smooth change with longitude Crom 26% higher over the Superior

Table 7. Average Annual Steady-State Basin Hydrology Differences,
===========================================================

Basin
Air Temperatures and
Absolute DifCerences

Prcc:ipitation' and

Relative Changes
-.-..........---.-.-.-.-.. ....------------------.-.--
lxC02 2xC02 DiCC. IxC02 2xC02 DiCC.

.......--...........---..-...-....-....-.--.-.-.-.........--..................-.-.-.

4.2 Basin Meteorology

The annual cycles, oC all meteorologic variables, were averaged over the 19S 1-88 period and

inspected. The 2xC02 climate air temperatures are higher throughout the annual cycle than

the IxC02 climate (base case); the diCCerence is smallest during the late Call to early winter

and largest during the late winter to early spring Corall lakes; see Figure 12. The diCCerence is

smallest and largest (most variability in the seasonal cycle) Cor the southern-most lakes. The

average annual air temperatures are 4.4-6.1'C higher, depending on the basin; see Table 7'.

The 2xC02 climate precipitation is generally higher during the spring and lower during the

Call and winter than the I xC02 climate precipitation over all oC the Great Lake basins,

although generally lower to the south; see Figure 12. The average steady-state annual prcc:ipi-
:=:::================:=======:=========::==:=============::

'Expressed as a depth over the land portion oC the basin.

Superior 2.4' 6.8' 4.4' 817mm 880mm 8%
Michigan 7.2' 12.8' S.6' 825mm 797mm -3%
Huron S.4' 10.4' S.O' 870mm 8S2mm ,2%
St.Oair 8.3' 14.4' 6.1' 849mm 772mm -9%
Eric 9.1' IS.I' 6.0' 90Smm 817mm -10%
Ontario 7.2' 12.2' S.O' 930mm 879mm -6%
...---..-.---..--....-.--.......-.-.--...--.----..........--.......-.-

Evapotranspiration' and RunoW and
Basin Relative Changes Relative Changes

.................--.-.......... ..-..-..-..-..-..-.....-.-.-...---
IxC02 2xC02 Diff. IxC02 2xC02 Diff.

.-...--...........-..........................--....---....--.------
Superior 423mm S34mm 26% 394mm 346mm -12%
Michigan S07mm 600mm 18% 317mm 196mm .38%
Huron 493mm 608mm 24% 377mm 243mm -36%
St. Clair S3Smm 632mm 18% 31Smm 140mm -S6%
Eric S6Smm 659mm 17% 341mm IS8 mm -S4%
Ontario 472mm S7Smm 22% 4S9mm 304mm -34%



basin 10 17% higher over Ihe Erie

basin; see Table 7. However, over Ihe

seasonal cycle, 2xC02 evapotranspira-

tion exceeds the base case most often in

Ihe late spring 10 early summer (late on

Lake Superior basin) and Is actually

smaller In the early can, sce Figure 13.

Runoer rrom .Ihe land portion oC the

basin Is reduced by the 2xC02 climate

In an basins, changing Crom only 12%

lower over the Superior basin to 56%

lower over the SL Clair basin in a Calrly

smooth variation with latitude; see

Table 7. The average annual cycle oC

runoCC, depicted In Figure 13, has

changed as well; runoCr peaks slightly

earlier and with smaller magnitude

under the 2xC02 climate than under the

I xC02 climate. This results largely

Crom big changes In snowpack accumulation and ablation, and In other moisture storages.

On the Superior basin, the average steady-state snowpack storage Is reduced by more

than hair; on the other basins, more to the south, the snowpnck is almost enlirely absent under

the 2xC02 climate: see Figure 13 and Table 8. This reduction in snowpack accumulation

results rrom the higher air temperatures, especially during the winter, Ihat accompany the

changed climate. The snow season is shonened more than one month. The ereects on the

snowpack are rcltlhmughoul the "nsin in Icm.s or Ihc dcrived moislllrc slorages in thc soil

'zone, groundwatcr, and surrace zones. Agurc 13 iIIuslrates the gcnerallmpnct on all Great

Lake basins oC generally lower moisture storages that peak earlier in the 2xC02 climate than

In the IxC02 climate scenarios. This general lowering or moisture in storage In each or the

basins is summarized In Table 8 and in some cases represents greater than a 50% reduction In

available moisture (see "Total Basin Storage. column).

4.4 O,er-Water Meteorology

, ;..:: '...
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19
01

SnowWater(mm) Table 8. Average Annual Sleady.Slate Basin Siorage Differences.----------------------------------------------------------------------------------------------------------------------
SnowWaterEquivalent" SoilMoisture'and

Basin andRelativeChanges RelativeChanges
--...............--................ -....-.........-.............................

Total Storage (mm) IxC02 2xC02 Dire. IxC02 2xC02 Diff.
..............................-..........................................................................--....--

'1 evapo aUon(mmlmonth)8: ~

'~ Aunolf(mmlmonth)~~~'Io ~" ;
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IxC02 2xC02 Dire. IxC02 2xC02 Dlff.
.........................-............-.-.-...........-.-.-......-......-.-.-.-.--.-.-.-..

.15 %
.33 %
-39 %
-51 %
-52 %
-36%

295 mm
114mm
99mm
28mm
24mm
61mm

237mm
68mm
57mm
9mm
8mm

33mm

.20%
-40%
.43 %
-67%
-65%
-46%

Superior
Michigan
Huron
51.Clair
Eric
Ontario

146mm
61mm
8mm

10mm
9mm

Ilmm

124mm
41mm
5mm
5mm
4mm
7mm

Figure 13. Over.Dnsln nydrology Changes.

:=:========================================================

'Expressed as a depth over the land ponion or the basin.

tions 10 over-land meteorology observations ror over-water conditions depend heavily on the

water surrace lemperature which in turn is a Cunction or the over-lake meteorology and heat

balance at the surrace or the lake. Figure 14 illustrates Ihe 2xC02 and the base case annual

cycles Cor Superior over-lake meteorology (air temperature, absolute humidity, and wind

speed) and Figure IS Illustrates water lemperature, evaporation, and net basin supply. In

general, the synergistic relationship that exists between air and water temperature In the

2xC02 scenario yields a general Increase in both that Collows the IxC02 climate patterns,

. similar 10 over-land behavior in Figures 14 and IS. The most pronounced Increase In both

occurs In the summer ror Lake Superior. Table 9 shows that the average steady-itaie air

temperature dirrerence between the 2xC02 and base cases varies rrom 5.3'C on Lakes Superi.

or and Huron to 5.9'C on Lake Michigan. Variations in the Impact with latilude or 10ngl'':Ide

or size or the lake are not pronounced, in te~s oC volume or heat capacity. Relative humidity

over the lakes Is increased, probably due to the increased lake evaporation, and cloud cover

The over.lake air temperalure, humidity, and wind speed difrers rrom over.land since the

lower atmospheric layer Is .ffected by the water sudaee over which It lies. The model corrcc.

Superior 50mm 24mm -51% 42 mrn 36mm . -14%
Michigan 12mm 2mm .87 % 35 mrn 22mm -37%
Huron 28mm 6mm .79% 54 mrn 40mm -26%
SLClair 9mm Imm -91% 6mrn 2mm -67 %
Erie 6mm Imm -90% 7mrn 3mm -63%
Ontario 16mm 2mm -85% 21 mrn 14mrn -31 %
.-....--.-..........-......--.-.-......-.--.-.-.---.-.-.-.-.---.--

Groundwater Moisture' Total Basin Storage' and
Basin and Relative Changes Relative Changes

.....-.-....-..-.-.-.-.-.. ...-.-.-.-.-.--.-.-.--.--



The heat budget gives rise to increased

water surCace temperatures as seen in

Figure 15 and summarized in Table 10. The average steady-state increase in water sunace

temperatures Cor the 2xC02 scenario range Crom 4.8'C on Lake SI. Clair to S.6'C on Lake

Michigan. The heat storage capacity oC a lake influences the increase in water sunace tem-

peratures that can almost be seen in Figure 15. Water sunace temperatures are seen to peak

earlier on deep lakes under the 2xC02 climate than under the lxC02 climate. Large amounts

oC heat now reside in the deep Jakes throughout the year, increasing latent and sensible trans-

Cers to the atmosphere; see Figure 1S.

The increased heat in storage also

means that ice Cormation will be greatly

reduced over winter on the deep Great

Lakes. The higher water surCace

temperatures under the 2xC02 climate

result in increased annual lake evapora-

tion oC about 31-33%; see Table 10.

The increased heat storage also changes

the temperature-depth proCiles within

thelakes.

Some oCthe deep lakes (Michi-

gan, Huron, and Ontario) $how water -1.

surCace temperatures that stay above J F M A M J J A SON D

3.98'C throughout the average annual

generally has decreased slightly Cor the

2xC02 climate; see Figure 14 and Table

9. Again, the diCCerence is most pro-

nounced in the summer. Over-water

wind speed is not greatly aCCected aCter

correction oCover-land values Cor over-

water conditions at increased water

temperatures; Figure 14 and Table 9

show only slight decreases Cor each

lake In average steady-state wind speed.

4.5 Lake Heat lJnlance
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Table 9. Average Annual Steady.State Over, Lake Meteorology Dlrrerences.

3ft. Air Temperature ('0)
===========================================================

Air Temperatures and
Absolute DiCCerences

Absolute Humidity and
Absolute DifferencesBasin

..--..--------.---- -...----...-.----.---
'3'

30 Absolute Humidity (mb)

1:f ~
1-2XCOzI

'[_ Sp'"!mi.)~ :: . ~ ~ :

J F M A M J J A SON D

lxC02 2xC02 DiCC. lxC02 2xC02 Diff.
...-.---...............-..........-.-.--.-.--.-.---....-.-.----.-.--

.........-.-....-.-....--.-.......-....--.--.-.-.-.--......-..---.--.---
Cloud Cover and

Relative Changes

Wind Speed and

Relative ChangesBasin
.....-..........--....----.... ............-.--............---

Figure 14. Over.Lake Meteorology Changes. lxC02 2xC02 DiCC. IxC02 2xC02 DiCC.
.--.....-.-.-.-.-.-..-.....-.-.......-.-.--.-..-.-.-..--..-.-.-.--.....-.--

===========================================================

30 Water Temperature ('0)

':L ~:~
Table 10, Selected Average Annual Steady.State Hydrology Differences,
================================================================

170 Evaporation (mm/month)

8:k ~
1=2XC021Base

================================================================

Figure 15, Over,Lake Hydrology Changes. 'Expressed as depths over the lake.

Superior 3.1' 8.4' 5.3' 7.2mb 10.3mb 3.1 mb
Michigan 7.7' 13.6' 5.9' 9.7mb 13.3mb 3.6mb
Huron 6.5' 11.8' 5.3' 9.0mb 12.4mb 3.4 mb
St. Clair 10.3' 16.0' 5.7' 11.2mb 15.1mb 3.9mb
Erie 9.7' 15.3' 5.6' 10.9mb 14.7mb 3.8mb
Ontario 8.0' 13.4' 5.4' 9.8mb 13.6mb 3.8mb

Superior 0.57 0.58 2% 5.7 mls 5.7 mls 0%
Michigan 0.43 0.42 -2% 6.1 mls 5.9 mls .3%
Huron 0.55 0.55 -I % 6.0 mls 5.9 mls -2%
St. Clair 0.50 0.47 -4% 5.7 mls 5.6 mls .2%
Erie 0.63 0.61 -3% 6.3mls 6.1 mls -3%
Ontario 0.59 0.58 -I % 6.1mls 6.0 mls -2%

Water Temperature and Over-Lake Evaporation'
Basin Absolute DiCferences and Relative Changes

..............-.-.-........-.-.............-.-..... .....-.-............-..-.-....-.--.-.

1xC02 2xC02 Dire. lxC02 2xC02 DiCC.
.-.-.--.-....................--...........-.-.-...........---.... ..--..-...................-..-...-.-.-.--
Superior 5.4' 10.5' 5.1' 561mm 736mm 31 %
Michigan 8.5' 14.1' 5.6' 647mm 854mrn 32%
Huron 8.0' 13.0' 5.0' 627mm 829mrn 32%
St. Clair 1.0' 15.8' 4.8' 936mm 1234mrn 32%
Erie 10.9' 15.8' 4.9' 898mm 1197mrn 33%
Ontario 9.0' 14.4' 5.4' 665mm 874mrn 31 %



In some years, the large lakes are changed from dimlctic lakes (turnovers occur IWlce

a year as water temperatures pass through the point of maximum density, 3.98'C) to mono-

mlctic lakes (maximum tumover occurs at the temperature "reversal" where temperatures SlOp

declining and start rising again and the minimum temperature Is greater than 3.98'). Figure

16 shows that the bC02 temperature profile for t.ake Superior passed through 3.98'C In 1une

1961 and approached, In December. the 1anuary 1962 transition. Under the 2xC02 scenario,

temperatures remain above 3.98'C but approach a vertical profile most In March. This rcpfc-

sentsachangefromdimictlctomonomictlc. . .
Table II shows that the large lakes remain dimictic under the 2xC02 climate' ~nlY

between 2% and 76% of the time. The largest change Is associated with Lake Ontario which

Is the furthest south of the deep lakes. least effected are Lakes Eric and SL Calr which are

very shallow and have relatively little heat storage. As the lakes move to one reversal per

year in some years, Instead of two turnovers per year, the interarrlval times of the maximum

mixing extent increase. Table II illustrates that the average interarrlval time grows to nearly

a full year on Lake Ontario since only 2% of the years have dimictic behavior. Table II also

illustrates the monomictic reversal temperature is, of course. well above the point of maxi.

,mum water density.

The timing of maximum turnovers or temperature reversals shifts. Table 12 shows the

time between the spring turnover and the fall turnover (for dimictic behavior) increases. The

spring turnover occurs earlier and the fall turnover occurs later in the annual cycle. For

monomlctic behavior, the single maximum turnover occurs even earlier In the year than the

dimiclic turnovers. These are consequences of greater heat storage In, and heat Inputs to, the

lakes. '

Temperature-depth profiles for every day of a single model year can be combined and

depicted as depth-time plots of temperature Isolines; see Figure 17 for an example on Lake

Superior. Then, not only arc the turnover timing changes depicted between bCO; and

2xC02 climates, but depth changes are more apparent as well. Table 12 also summarizes the

maximum depths at turnover in the lakes. Dlmlctic spring turnovers exhibit shallower aver.

age depths under 2xC02 conditions and fall turnovers arc deeper, where not limited by the

depth oCthe lake. Monomictlc turnovers are generally even deeper. " .,;
There Is a normal hysteresis observed In graphs oC lake heat plotted with surface

temperature, such as In Figure 18. This renectS the mixing of heat at depth. .Surface temper.

atures rise quickly and heat storage Collows after the spring turnover. When surface temper-

alllres then begin to drop In the fall. slored heat docs not Initially. Then heat storage drops

more slowly. Similar behavior occurs aCter the fall turnover, and both result In the character.

Istlc double "loop" In the plot. Under Ihe warmer climate change scenario. temperatures

somclimes never drop below that at maximum density (3.98'C). This results In only one

hysteresis loop, but It is much larger.

cycle. Figure 1611\ustrates this Cor 1961 on Lake Superior. This means that buoyancy-driven

turnovers oC the waler column do not occur In the same way as they do at presenL
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Figure 16. Steady-Slate Lake Superior Temperature-Depth Profiles.
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4.6 Net Supply Components

Figure 17. Steady-State Lake Superior Depth-Time Temperature Isallnes.

Over. lake precipitation, runoff. and lake evaporation sum algebraically as the nct basin supply

and are presented again in Table 13 for convenience. Since over-lake precipitation is taken

Fraction Dimictic Interarrival Times
-.-.-----.-.. ----.----.-- 2xCOz Monomictic Reversal
IxCOz 2xCOz txC02 2xCOz Water Temperature---.----.--...-.--.--.-.------

Superior 100% 67% 182d 211d 4.S'C
Michigan 100% IS% 182d 318d 4.9'C
Huron 100% 24% 182d 292d 4,9'C
Sl Cair 100% 100% 183d 18Sd
Eric 100% 76% 183d 206d 4.9'C
Ontario 100% 2% 182d 3S6d S.9'C

-----.----.--....-.--.-.--.--.----.-.-.---.
DATES

Superior 02Jul 23 Dee 24 Apr 11Feb 24 Mar
Michigan 27 May 01 Jan 27 Mar 28Jan 22 Fcb
Huron 26 May 10Jan 26 Mar 11Feb 10Mar
Sl Cair 30 Apr 20 Nov 04 Mar 28 Nov
Eric 30 Apr 24 Dee 03 Mar 06 Jan 01 r-cb
Ontario 20 May 18Jan 10Mar 29 Jan 03 Mar

DEPTHS
Superior 234m 162m 127m 2S7m 297m
Michigan 132m 111m S2m 199m 231m
Huron 229m' 229m' 140m 229m' 229m'
Sl Cair 6m' 6m' 6m' 6m'
Eric Mm' Mm' 48m Mm' S3m
Ontario 232m 242m 70m 244m' 244m'
=======================================================
'Maximum average depth of Ihe lake.
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1961 1xC02
Table 13. Average Annual Steady.Slate Net Supply Components Differences..

287

Basin
Over-Lake Precipitation"
and Absolute Differences

===========================================================
Basin Runofr and

Absolute Differences

./..~.~
cr.. ..Af Sap

~w~o

IxCOz 2xCOz

-................-.........---.--
Diff.

.-.--.............---.--.......--...........................---.----
Superior
Michigan
Huron
St.Clair
Erie
Ontario

817mm
825mm
869mm
849mm
905 mm
930 mm

880mm
797mm
852mm
772mm
817mm
879mm

63mm
-28 mm
-18mm
-77 mm
.88mm
.51 mm

Diff. lxCOz 2xCOz

615mm
635mm
836mm

4453mm
803mm

1694mm

539 mm -75 mm

3.93mm -242 mm
539 mm -297 mm

1980 mm .2474 mm

372 mm -431 mm

1123 mm -571 mm

month sta~ and year end are labeled Over. Lake Evaporation"

and Absolute Differences

.......--................-.....................--...-...........--.......-..------.--
Net Basin Supply" and

Relative ChangesBasin
...................--.......---.-..

here as the same as over-land. Table 13 shows the same relations for 2xCOz vs. ba$e case

precipitation as does Table 8. Net basin supply in Table 13 is less under the 2xCOz climate

than under the lxCOz climate on all lakes. This is true throughout the year for Lake Erie Ir!d

nearly true on the olher lakes (see Figure 15). Net basin supplies are lower throughout the

annual cycle except for February and March on Lake Superior, February on Lakes Michigan

and Huron, January on Lake St. Clair, and January and February on Lake Ontario. Table 14

summarizes the changes in the hydrologic and net basin supply components for the entire

Great Lakes basin; they were computed by convening the equivalent depths of Table 13 to

annual flow rates on each lake and adding them over all the lakes. The changes from the base

case are also expressed relatively in Table 14. Also expressed relatively are changes from

other studies that used other GCMs (Croley 1990): they are provided for comparison.. Net

basin supplies to all Great Lakes are seen to drop to about one half under the CCC GCM.: this

corresponds to the GCM from the Geophysical Fluid Dynamics Laboratory (Gt;'DL) in the

earlier studies. This drop in net basin supply seems to result from the increases in lake evapo-

Sap

I

o 5 10 15 20
SurfaceTemperature(Oe9.C)

Fig. 18. Steady.Stale Lake Superior Heal-Temperature Hysteresis.
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lxCOz 2xCOz Diff. lxCOz 2xCOz DiCf.
............................................................-......--.......-....-.--.-.--
Superior 561mm 736mm 175mm 871mm 684 mm -21 %
Michigan 647mm 854mm 207mm 813mm 336mm -59%
Huron 627mm 829mm 202mm 1079mm 562mm -48%
SI. Clair 936mm 1234mm 298mm 4367mm IS17 mm -65%
Erie 898mm 1197mm 299mm 810mm -8mm -101<i.

Ontario 665 mm 874mm 209mm 1959mm 1127mm -42%
----------------------------------------------------------------------------------------------------------------------
"Expressed as depths over the lake.
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Table 14. Average Annual Steady-State Great Lakes Dasln Hydrology and Net
Dasln Supply Components.

IxCOz

2xCO;
CCC"

GISSb
GFDLc
oslJ4

13815

13598
-2%

2%
1%
6%

7825

9518
22%

21%
19%
19%

5987

4077
-32%

-24%
-23%
-11%

6604

6578
0%

4%
0%
6%

4992

6587
32%

27%
44%
26%

7783

4180
-46%

-37%
-51%
-23%

ture and humidity are also important. Across all lakes and scenarios, dally evaporation was

reduced (compared to the base case) only when the scenarios showed reduced wind speeds. If

wind speeds remain near historical levels, evaporation will still Increase somewhat, however,

due simply to the increase in air temperatures that then increase water tem~ratures. Thus,

within the range of other meteorologic variables shown by the GCMs, only if Wind speeds are

less than historical levels by about 0.5% wiD lake evaporation not increase.

Because net basin supplies are a sum of lake evaporation, runoff. and precipitation,

they are equally sensitive to changes In any of the components. Thus, as long as wind speeds

are not much less than historical levels, regardless of precipitation changes (unless precipita-

tion incresses are much larger than any shown by the GCMs), net basin supplies are'meety to

drop due to higher air temperatures that increase evaporation and decrease runoff. '

===========================================================

--.-.------....---.----.-.-.---.-.

=========================================================== 4.8 Summary Comments on Great Lakes Response to Climate Change

, .Canadian Climate Centre, prepared by Louie (1991).

bQoddard Institute for Space Studies GCM, used by Croley (1990).

"Geophysical Auid Dynamics Laboratory GCM, used by Croley (1m).

40regon State University GCM, used by Croley (1m).

The study results should be received with caution as they are, of course. dependent on the

GCM outputs, which have large uncertainties. The linkage method used here does not recog.

nize interdependencies between meteorological variables. It also simply changes the magni-

tude of meteorological time series without affecting their temporal structures. Therefore,

changes in variabilities that would take place under a changed climate arc not addressed.

Seasonal timing differences in the GCM for the changed climate are not reproduced with this

method of coupling. Instead, while seasonal meteorology pauems are preserved in the 2xCOz

scenario as they exist in the lxCOz historical data, one still can observe seasonal changes

induced by storage effects. Water temperatures increase and peak earlier; heat resident in the

deep lakes increases throughout the year. Mixing of the water column diminishes, as most of

the lakes become mostly monomictic, and lake evaporation increases. Changes in annual

variability are Ie.~s clear, again as a result of using the same historical time structure for both

the base case and the changed climate scenarios.

The higher air temperatures under the 2xCOz scenarios lead to higher over-land evapo-

transpiration and lower runoff to the lakes with earlier runoff peaks since snowpack Is re-

duced up to 100% and the snow season Is shortened more than one month. this also results in

a reduction in available soil moisture. Water surface temperatures peak earlier and are higher.

with larger amounts of heat resident in the deep lakes throughout the year. Also, buoyancy-

driven turnovers of the water column do not occur as oCten on all lakes except St. Clair.

Without biannual turnovers, hypolimnion chemistry may be altered; oxygen may be depleted.

releasing nutrients and metals from lake sediments. The lakes may experience more than a

single winter turnover if temperature gradients are small and winds are strong enough to

ration and overland evapotranspiration (reducing subsequent runoCf to the lakes) observed in

the 2xCOz scenario from the GCM.

4.7 Sensitivities

Without temperatures below freel-ing. the snowpack is insensitive to precipitation. Although

thc steady-state scenarios on diffcrentlakes show different cstimnte.~ of precipitation change,

each shows increase., in air tcmperatures that significantly reduce the snowpack, especially in

the southern basins. Thus, even if precipitation increases more than suggested by the GCM.

the snowpack will be much reduced under warmer winters. Similarly, regardless of actual

changes in precipitation, the Great Lakes basin will experience redueed soil moisture storage

and runoff. Both peak shortly aCter snow melt and then drop throughout the summer and fall

due to high evapotranspiration; each climate scenario produces earlier snow melt and a longer

period of evapotranspiration. Soil moisture and runoff are most sensitive to precipitation in

midsummer when at annual minimums. Thus, within the limits of precipitation produced by

the GCMs. soil moisture and runoff scenarios are relatively insensitive to precipitation.

Of the meteorological variables that affect lake evaporation (air temperature. humiditY,

cloud cover. and wind speed) wind speed is probably the most critical, although air tempera-
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Induce mixing (HlI/chl/l1on 19S7). Ice formarion will be greatly reduced over winter on the

deep Great Lakes, and lake evaporation will Increase; average steady-state net supplies drop.

scales of 1-30 days). The second Is the development and Integration of fine-scale second-

generation (gridded) surface hydrologic process models (at scales from 1-30 bn or for simula-

tionsof manyyears)withatmosphericmesoscalemodels. ,. (.
..t'

5. Coupled Hydrosphere Atmosphere Research Model (CHARM)

5.1 LArre-Scll/e Pllrllmeter Changtl ',j

The linkage between a GCM and hydrology models allows no feedbacks between these Inde-

pendent models. While the GCMs have crude hydrologic process models, they represent

Inappropriately large scales and use very simplified conceptualizations. The regional hydro-

logic Impact models may do a much beuer job of representing the hydrology.of an area.

However. their use with GCM outputs does not allow the GCM simulations to benefit from

these refined processes. Feedback from land and lake surfaces' hydrometeorological proper-

ties cannot exist without incorporating regional hydrology models inlo atmospheric models.

Modelers are turning their auention to mesoscale atmospheric models to enable b!:uer

assessment of local to regional effects. The leading approach now Is to embed mesoscale at-

mospheric models within GCMs for a region or Interest and to couple relevant surface hy-

drology models to the mesoscale atmospheric model (Dickinson e/ili. 1989; Giorgi 1990;

Hos/e/ler el al. 1993). This allows both the use or more relevant scales for regionallm!,act

e~tlmatlon and the consideration or dynamic linkages between the atmosphere and the surface.

now recognized as essential In de~crlbinll the hydrology and meteorology of an area. This

approach has generally been limited in the past to SO-km grids or larger because of the com-

plexity of the modeling system that Is required and because or the com!'uter power that was

required. The 5cience panel or the GBWEX Continental-Scale International Projcct and the

WMO-CAS Working Group on Numcrlcal Experimentation launched their joint Project for

Intercomparlson of Land-Surface Parameterization Schemes (PILI'S). The National Center

for Atmospheric Research (NCAR) is exploring p055ibilities or operating their atmospheric.

hydrologic. and lake nux models embedded in their GCM at scale5 finer than SO km.

To estimate Impacts associated with both large and fine scales or parameter changes.

the Great Lakes research community can address these scales separately. This orfers the

advantage that we can begin 11m! to look atlarge-5cale parameter change5 (~lIch as lake lev-

els. lake-wide heat storage. and annual and monthly water and energy balances) by combining

alsllng process models appropriate to these scales. This can be underway while fine-scale

parameter changes are Investigated. They will require more development and integration of

process models. Thus, we have two components to physical modeling of climate-change

Impacts over the Great Lakes. The first Is the integration and use or existing Great Lakes

hydrologic process models (jumped-parameter, applying to Irregular-shaped areas over spatial

scales of 30-100 km for the land surrace and 100-300 km for the lake surface and temporal

We must e'ltplore linkages to atmospheric models for existing large-scale Irregular-area sur-

face models that already represent excellent portrayals of the hydrology and lake thermody-

namics In the Great Lakes. Since hydrological models now exist for large-scale paramettr

change estimates. large-scale couplings will be userul In beginning derivative studies (such as

soclo-economic. food-web dynamics, and other secondary Impacts Identified as dependent on

large-scale parameter changes). They also will prove useful as a starting point for subsequent

second-generation joint atmospheric-hydrological parameteri%ltions and In the verification of

same and or like developments by other Investigators. They also will be useful as a base-line

for comparing multiple approaches In modeling the atmosphere and hydrology.

GLERL. in cooperation with the Air Resources Laboratory (ARL), Is now IInklnll

their hydrology models with the Regional Atmosrherlc Modeling System or "RAMS. (Ple/ke

e/ al. 1990; L)'olls et al. 1990, 199Ia.b). The combination will be used forlarge-scale parame-

ter investigations. requiring assessment of the temporal and spatial incompatibilities that exist

between mesoscale meteorological and regional hydrolollY models. A modest target Is to

arrange for coupled modeling by using a 40-km grid. with time steps of 90 seconds In the

atm05pheric component, coupled to some components of the surface models defined over

Irregular areas on 12- to 24.hour Intervals. RAMS.predicted atmospheric momentum, tem-

perature, moisture. and precipitation fields will be Input to the large-scale hydrological models

which will use these fields to update sea surface temperature. soli moisture. and snowpack

variables. These hydrological parameters will then be Input Into RAMS to drive the surface

energy nuxes over both land and water. Since there is some overlap In function between parts

of the atmospheric model and the surface models, decisions are required about which mqdel

should be used for some purp05es; this Is discu55ed elsewhere (Croley and Lofgren 1994).

5.2 Second-Generation Fine-Scale Atmospheric-Hydrologic Integrations "\I"',~. t..i.

Only when sufficiently fine grids become available for surface hydrology models will surface

runoff at points into the lakes be directly estimable from purely grldded models. These fine

grids will be approached In the next few years. Likewise, lake heat storage models for the
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Great Lakes exist at several levels. from one-dimensional superposition models to three-

dimensional circulation models. Again, researchers are approaching fine grids that are usable

in long continuous simulations.

Two fine-scale approaches are possible now. The fust uses developing atmospheric-

hydrologic mesoscale models to estimate joint meteorology and hydrology for surface areas of

interest in the Great Lakes and then refines the hydrological estimates through use of the

better-calibrated GLERL hydrology models for the Great Lakes. This approach is similar to

that taken in linking hydrology models to GCM outputs. described previously. Again, there is

no dynamic interaction between the final hydrology models and the atmospheric model.

Outputs from the joint atmospheric-hydrologic mesoscale model are inputs to the hydrology

models. However, better agreement should be possible since the scales of both sets of models

are closer than was true in the GCM-hydrology model studies.

The second fine-scalc approach consists of developing second-generation fine-scale

Great Lake hydrologic and lake thermodynamic models on finer grids to interface directly

with atmospheric models applied at ever-finer resolution and of assessing the importance of

two-way runoff-atmospheric interactions unique to CHARM. These will complement similar

effons elsewhere (NCAR) that use alternate models. The matching of spatial and temporal

scales between models will proceed at different levels. Linkage will begin with coarse irregu-

lar spatial and temporal scales. where existing hydrological models are established over large

areas in the Great Lakes (as in the above section). and proceed to finer scales as hydrological

models are redeveloped in atmospheric-hydrologic studies. Comparisons wilI be made

between scales to see what is resolved and which process refinements make no difference

with regard to different uses (water level estimation. sea breeze predictions, and so forth).

Both the atmospheric and hydrological models will be run in three dimensions on the same

grid. The grid spacings will be reduced from 30 km to 15, 10.5, and I km scales. For the

smaller scales, non-hydrostatic physics and explicit cloud microphysics will be employed. To

stan out, interactions will be pcrrormed at the time step of the atmospheric model (between 5-

90 seconds depending on the horizontal resolution of the grids). Sensitivity experiments will

be performed to determine an optimum update frequency between the atmospheric and hydro-

logic models since it may not be necessary to interact the models every time step.

linkage methods of these assessments constrained spatial and temporal meteorologic variabili.

ties to those present in the historical records, impact assessments began with the tratisference

of existing climates to the Oreat Lakes. Lack of feedback between .urface proeeu model.

andatmosphericmodelsis still a problem. .
Researchers arc now developing and verifying multi-scale hydrologic moderS. with

appropriate links to mesoscale atmospheric models, using spatially extensive observation~

based upon satellite and in situ measurements and supported by field experiments. These

linked models are slated to be embedded in GCM or other boundary condition Simulations.to

assess climate change effects. GLERL is working with ARL to investigate alternative

CHARM possibilities. Now underway are a large-scale coupling, that enipl~ys GLERL's

existing irregular-area surface models, and a series of finer-scale couplings where surface

modcls are dcfined over the same (surface) grid as used in the mesoscale atmospheric models.

GLERL also plans to work with existing and developing coupled atmospheric-hydrologic

mesoscale models over the Great Lakes by refining hydrologic estimates with more-detailed

hydrologic and lake surface flux models.
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MODELING OF RUNOFF AND STREAMFLOW AT REGIONAL TO GLOBAL
SCALES

Dennis P. LeUenmaier

Department of Civil Engineering FX-IO
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Seattle, W A 98195
USA

ABSTRACT

Global change problems place a new set of demands on hydrologic modela. The

primary purpose for representation of land surface hydrology in the context of coupled

land-atmosphere models is to partition downward solar and longwave radiation into

latent, sensible, and ground heat fluxes, and upward longwave radiation, rather than to

predict streamflow. Nonetheless, past work in the development and application of

conceptual streamflow simulation models for operational applications, such as

forecasting, can provide valuable lCSS:ons,especially with respect to model parameter

parsimony, for the development and application of land surface parameteriz~tions for
. coupled land-atmosphere models. Some important issues in model development and

applicatiOn are illustrated in the context of the Variable Infiltration Capacity two-layer

(VIC-2L) model. Application of the VIC-2L model to FIFE (central Kansas Grassland)
and ABRACOS (cleared Amazonia tropical forest) field data are described. A version

of VIC-2L that incorporates streamflow routing is described, along with some results of

its application off-line (climatalogical forcing) to the Columbia River baain. Finally,.an

approach for regional estimation of the parameters of VIC-2L is described, along with

preliminary results for an application to the Columbia River basin (drainage area

approximately 615,000 km2) at a one degree by one degree spatial resolution. ... .
.L

1.0 INTRODUCTION
" . .~

This paper focuses on dynamic hydrologic modeling at regional to global scales.

By dynamic I mean time scales of not more than a day, and by regional I mean 'spatial

domains that include at least several grid cells of a numerical weather prediction' iit
climate model, that is, length scales of at least several hundred km. Both the threshold

time and space scales are recognized to be arbitrary. The paper consists of four part~i

I) a review of the relevance of past work in operational hydrology in the conterl'Of

.treamflow simulation at regional to global scales; 2) some key issues and appro&eti~

to land .urface p~ameterizations for large scale atmospheric modelaj' 3) an outline, c;t

an approach to modeling large North AmericM rivera with pretJminary result! fal-.t~e
Colorado Riverj and 4) some ideas and early results from the use of regimiaJizatiiiU:

methods to estimate ~he parametera of a coupled land-atmosphere model.
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